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Appendix A 

Summary 
of 

An Inves t iga t ion  of the,Flow Parameters of a Confined Turbulent Vortex 

Carl Arthur Rodoni 

I n  t h i s  s tudy an  at tempt  w a s  made ' to f i n d  out  t o  what ex ten t  empir ical ly  

der ived co r rec t ion  terms t o  laminar t heo r i e s  can be used successfu l ly  t o  

p red ic t  t u rbu len t  r e s u l t s ,  and t o  look f o r  d i r e c t  c o r r e l a t i o n s  of t h e  

c h a r a c t e r i s t i c  flow parameters i n  terms of t h e  independent flow v a r i a b l e s  

of t h e  system. 

A l i t e r a t u r e  search  w a s  conducted t o  ob ta in  t h e  experimental da ta  

t o  be used i n  t h e  c o r r e l a t i o n s  (see Ref. 2 ) .  A computer program w a s  then 

w r i t t e n  t o  f ind  t h e  optimum grouping of independent flow parameters which 

would f i t  t h e  dependent parameters t o  a given curve.  

Using t h i s  curve f i t t i n g  method, empir ical  c o r r e l a t i o n s  were attempted 
. .  I 

f o r  t h e  r a t i o  of t h e  t angen t i a l  v e l o c i t y  a t  t h e  pe r iphe ra l  w a l l  t o  t h e  j e t  

i n j e c t i o n  v e l o c i t y  (v /v ), t h e  r a t i o  of t he  t angen t i a l  t o  r a d i a l  

v e l o c i t i e s  (v/u) ,  t he  r a t i o  of t h e  c i r c u l a t i o n  (I' = v r )  a t  t h e  r ad ius  of 

w j e t  

t h e  exhaust ho le  t o  t h e  c i r c u l a t i o n  j u s t  ou t s ide  of t h e  per iphera l  w a l l  

boundary l a y e r  ( r  /I' ), t h e  r a t i o  of t h e  c i r c u l a t i o n  a t  t h e  rad ius  of e .8 

t h e  exhaust ho le  t o  t h e  maximum achievable  c i r c u l a t i o n  (re/I' 1, t h e  i d e a l  

r a t i o  of t h e  m a s s  flow through t h e  vor tex  t o  the  "no-swirl" m a s s  flow 

(Go) ,  and t h e  maximum t a n g e n t i a l  Mach number i n  t h e  vor tex  ((Mt  ). 

One of t he  b e s t  c o r r e l a t i o n s  achieved i n  t h i s  work was f o r  t h e  

max 

normalized mass flow r a t i o  (fi ) . 
al lows t h e  p red ic t ion  of t h e  m a s s  flow r a t i o  f o r  a vor tex  i n  terms of 

The empir ical  c o r r e l a t i o n  shown i n  Fig.  1 
0 

0 
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t h e  parameters r /r  t h e  r a t i o  of t he  exhaust ho le  r ad ius  t o  t h e  outer  

w a l l  r ad ius ;  Ai/Ae, t h e  r a t i o  of i n l e t  area t o  t h e  exhaust area; L/D, 

t h e  length-to-diameter r a t i o  of t h e  chamber; and NH, t h e  number of 

exhausts.  It w a s  found t h a t  w a s  p r imar i ly  a func t ion  of r /r and 

L/D f o r  L/D>2 and pr imar i ly  a func t ion  of r /r  

e 0’ 

0 e o  

only,  when L/D<2. 
e 0’ 

The momentum balance theory of Kendall and Roschke (Ref. 3 )  is  a l s o  

subs t an t i a t ed  by t h e  recovery f a c t o r  da ta .  The r e s u l t s  shown i n  Figs .  2 

and 3 show t h a t  c o r r e l a t i o n s  f o r  t h e  recovery f a c t o r  can be obtained i n  

terms of t h e  momentum balance theory,  wi th in  the  range of the  expected 

da ta  scatter. 

func t ion  of t h e  r a t i o  of t h e  i n j e c t i o n  area t o  t h e  pe r iphe ra l  w a l l  a rea  

According t o  these  c o r r e l a t i o n s ,  vw/vjet i s  pr imar i ly  a 

(Ai/Aw> 

The e f f e c t i v e  s k i n  f r i c t i o n  c o e f f i c i e n t  f o r  t h e  per iphera l  w a l l  has 

been shown t o  be l a r g e r  than t h a t  pred ic ted  by the  turbulen t  f l a t  p l a t e  

formula. (See Fig.  4 ) .  This inc rease  i n  C is due t o  t h e  presence of o ther  

d i s s i p a t i v e  f a c t o r s  i n  t h e  flow such as turbulen t  shear  t e r m s ,  w a l l  

f 

curva ture ,  j e t  mixing, etc. The s k i n  f r i c t i o n  c o e f f i c i e n t  ca l cu la t ed  over 

t h e  chamber end-walls i s  a l s o  considerably higher than t h a t  pred ic ted  by 

tu rbu len t  f l a t  p l a t e  r e su l t s  (Fig. 5).  

The c o r r e l a t i o n s  shown i n  Figs.  6 and 7 show t h a t  t h e  v e l o c i t y  r a t i o  

(v/u) is  a func t ion  of t h e  parameters r /r 

r a t i o  A./A 

t hese  geometrical  terms not  pred ic ted  by t h e  momentum balance theory tends 

to i n d i c a t e  t h e  presence of o the r  flow phenomena which the  theory has  

and L/D as w e l l  as t h e  area e o  

predic ted  by t h e  momentum balance theory. The presence of 
1 w  

c 

ignored. 
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One explanat ion f o r  t h e  presence of t h e  re/ro and L/D terms as w e l l  

as t h e  increased d i s s i p a t i o n  observed i n  the  v o r t i c e s  is a flow phenomenon 

which may be c a l l e d  "exhaust hole.choking." 

by t h e  f a c t  t h a t  when t h e  f r a c t i o n  of t h e  energy invested i n  t h e  s w i r l  i s  

above a c e r t a i n  va lue ,  f u r t h e r  increases  i n  the  s w i r l  a c t u a l l y  reduce 

t h e  angular  momentum which can pass  through t h e  exhaust ho les  (See Ref. 4 ) .  

The flow then must rear range  i t s e l f  t o  increase  the  l e v e l  of d i s s i p a t i o n  

This  e f f e c t  may be caused 

and thus reduce t h e  s w i r l  a t  t h e  exhaust.  

The f a c t  t h a t  t h e  c o r r e l a t i o n s  presented f o r  t h e  i d e a l  c i r c u l a t i o n  

r a t i o  i n  Figures  8, 9 and 10  have much less da ta  s c a t t e r  than t h e  recovery 

f a c t o r  c o r r e l a t i o n s  i n  Figures  2 and 3 o r  the  c i r c u l a t i o n  r a t i o  corre-  

l a t i o n s  of Figures  11 and 12 argues t h a t  t he  flow regions near t h e  

pe r iphe ra l  w a l l  and i n  t h e  center  of t he  vortex are coupled i n  some manner. 

The flow mechanism of "exhaust ho le  choking" not  only accounts f o r  

t h i s  f low coupling, but a l s o  provides explanat ions f o r  t h e  observed 

parametric t rends  i n  t h e  empir ical  c o r r e l a t i o n s .  The pos tu l a t ion  of t h i s  

"exhaust ho le  choking" e f f e c t  would account f o r  t h e  dev ia t ion  of t h e  

v e l o c i t y  r a t i o  c o r r e l a t i o n s  of Fig.  6 and 7 from t h e  values  of v /u  pre-  

d i c t e d  by t h e  momentum balance theory as w e l l  as t h e  L/D dependence of 

C i n  Fig. 5 .  f 

Although, t h e  c o r r e l a t i o n s  f o r  t h e  i d e a l  c i r c u l a t i o n  r a t i o  appear t o  

e s t a b l i s h  a d e f i n i t e  flow dependence, t he  t rends  shown should be viewed 

w i t h  a c e r t a i n  amount of reserva t ion .  According t o  these  c o r r e l a t i o n s  

(shown i n  Figs.  8 and 9 ) ,  re/rideal i s  a func t ion  of r /r  A./Aw, and 

Po/Pe. These c o r r e l a t i o n s  do have very l i t t l e  d a t a  scatter involved i n  

them, but  they a l s o  con ta in  very few d a t a  po in t s ,  and $the pressure  r a t i o  

e 0' 1 
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dependence shown i n  them may be v a l i d  over a l imi t ed  range only.  There- 

f o r e ,  t h e  c o r r e l a t i o n  shown i n  Fig.  1 0  is  p re fe rab le  t o  these ,  even though 

i t  has g r e a t e r  da t a  scatter. This i s  because Fig. 10 conta ins  more da t a  

po in t s ,  and has  a more r e l i a b l e  parameter dependence. According t o  t h i s  

t o  
i s  a func t ion  of r /r  c o r r e l a t i o n  r /rideal A./Aw, and R e  e 0' 1 e 

The d i f f e rences  between t h e  t h e o r e t i c a l  curves and da ta  po in t s  on 

Fig. 11 can be used t o  d e f i n e  an "e f f ec t ive  eddy v iscos i ty" .  Re la t ive ly  

s m a l l  d i f f e rences  i n  c i r c u l a t i o n  lead  t o  l a r g e  va lues  of eddy v i s c o s i t y  

as seen i n  Fig.  12. 

The three-dimensional theory on which Fig.  1 2  i s  based (Ref. 5) 

checks ou t  w e l l  wi th  experimentally observed flow pa t t e rns .  In Fig. 13,  

t h e  va lues  of t h e  flow s t agna t ion  r ad ius  @/ro) as measured by Travers  

i n  Ref. 6 are shown t o  be i n  good agreement with t h e  flow model pre-  

d i c t ions .  Thus i f  t h e  flow model breaks down, i t  must do so  a t  some po in t  

i n s i d e  t h e  s t agna t ion  rad ius .  



- 6- 

REFERENCES . 

1. Rodoni, Car.1 A . ,  "An I n v e s t i g a t i o n  of t h e  Flow Parameters  
of a Confined Turbulent  Vortex," S .  M. Thes i s ,  Department 
of Aeronaut ics  and As t ronau t i c s ,  M.I.T. (August, 1969) .  

2. Newton, W. H . ,  "Corre la t ions  of D i s s i p a t i o n  i n  Confined 
Turbulent  Vor t ices , "  S .  M. Thes is ,  Department of Aeronaut ics  
and As t ronau t i c s ,  M.I.T. (August, 1968).  

3.  Roschke, E. J . ,  "Heat Trans fe r  and F l u i d  Mechanics," C a l i f o r n i a  
I n s t i t u t e  of Technology, Jet Propuls ion  Laboratory,  Space 
Programs Summary No. 37-20, Volume I V  (1963). 

4. Lewellen,  W. S . ,  Burns, W. J . ,  and S t r i c k l a n d ,  H. J., "Transonic 
Swir l ing  Flow," AIAA paper no. 68-693 (June 1968).  

5. Rosenzweig, M. L . ,  Lewellen,  W. S . ,  and ROSS, D. H. ,  "Confined 
Vortex Flows w i t h  Boundary Layer I n t e r a c t i o n , "  Aerospace 
Corpora t ion  ATN-64(9227)-2 (1964). 

6. Travers, A . ,  "Experimental I n v e s t i g a t i o n  of Radial-Inflow . 
Vortexes i n  J e t - I n j e c t i o n  and Rotating-Peripheral-Wall  Water 
Vortex Tubes," United A i r c r a f t  Research Labora to r i e s  Report 
F-910091-4, prepared under Cont rac t  No. NASw-847 (September 1967).  

7. Keyes, J. ,  Chang, T. ,  and Sa r to ry ,  W . ,  "Hydromagnetic S t a b i l -  
i z a t i o n  of Jet  Driven Vortex Flow," Oak Ridge Nat iona l  Laboratory 
Report  ON-TM-1896 (October 1967).  

8. Roschke, E. J., "Experimental I n v e s t i g a t i o n  of a Confined, Jet- 
Driven Water Vortex," C a l i f o r n i a  I n s t i t u t e  of Technology, Jet  
Propuls ion  Laboratory,  Technica l  Report  No. 32-982 (October 1966).  



- 7- 

I- 

t- 

T T 

cn 
0 
d 
c 1 -  
d o 1  
k '  

i 

1 I I I I 

0 
4 

co W 3 . 0 

bo 

0 <u, 

. 
3 

cot- 
-0 

0 

U 

N * l n  
M 
0 
0 u 

0 . 

rl 



-a- 

r T 7 T T 

u I c c x  

ac, . 
. .  

..=t c cr 
a 
c w  u o  

M 
0 
t-l 

C 
r )  



-9- 

- r - r - r 7 - r l - T - r  T 

0 

o/ 0 
0 

% 
0 0 

\D 3 . cu 
e 

0 
e 

(u 

F7 

Q 

cu 
M 
m cu . 

b-4 la 

I 
kat h0 

0 

4 
rl 

B 
4 
(d 
k 
a, c a 
-4 
k 
a, a 
a) 

5 
w 
0 

0 
.rl 
c, 
(d 
k 
a, 
5 
n 

n 
u s 
a c a 
m 
a, 
rl 
0 c 
U 
m 

.n 

1 
2 
3 
ll-l 
0 

&l 
a, 
P 
E 
I c 

ai" 'a, 
43 
-.c 

.n 
k 
aJ 
P 

El 
5 
5 
a, 

w 
0 

0 
4 u 
(d 
$4 

k 
a, u 
a, 
E 
cd 
-4 a 

.n 
(d 
a, 
k 
(d 

c 
0 
.rl u 
CJ 
a, 
'rl c 
-rl 

a, 
5 

3 
0 u 

k 
(d 

m a 
rl 
0 c 

p: 
rl a 
*rl 

2 

5 
M c a 
c, 

a, 
5 



-10- 

r t 

(u 
M 

I 
0 
rl 

\c. 

0 

k 
al 

k 
0 
r: 
0 
v) 
.rl 
k 
cd 
k 
E 
0 u 

k" 
- - 

U '  

E 



-11- 

3- f I- T 

c 
0 
.r( 
4J 
0 
.d 
k 
k 

c 

aJ 
F 
-9 



-12- 

c 
I- 
t 
c 
c 
t- 

t- 

c 

L 
t 
L 
c 

b- 
I- 

L. 

I- 

C 

Ln 

4" 
2 
\ 

M 
0 
rl n 

0 

d) 

k 
\ 

k 

;f w 
;t 

ln 

o\ - 2  

L la 'r: 
C 
0 

w cu 



-13- 

. 
4J 

Q, 
ai ffi 

a t- m - 3 
f . f  

t 

t- 

F 

T r L 

5: 1" 3 rn x 
1 

0 

0 

k 
\ 

k 
k 
0 

.I+ 
W 

0 i 
0 
r( 

R 



-14- 

r 

c 

c 

c 

c 

I. 

c 

k- 

c 

I. 

t 

. c  

I- 

I- 

C 

c 

1 I I 1 i I I 1 I 1 

c 
a) C . 



-15- 

r 

I- 

+ 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

' P  

f 

T 

Q, 
rl 
0 
P. 

C' 
.r  
C 
cn 

I .  

C I I 1 1 I # I I 1 J e  



-16- 

aJ 
l-i 
22 
k 

. .  

- 1  

. .  
ni i q  

e, a 
C 

L 

cn . 

3 . 



. -17- 

i 
T T r T 7 T 'r 7 T I m  r 

. o  

0 

1 I I 1 I I I I I I m 
0 0 M 0 

P I  
cu 

0 m r( 
r( 

b.i 
0 

C 

N 
. d  



-18- 

I- 

t- 

t- 

0 

rl 
0 

0 

LD 
. 

0 
L n  

0 

0 
sr 

0 

0 
m 
. 

0 
cu 
. 

0 

rl 
0 

0 
0 
. 



-19- 

t + 

c 

i= 

* I -  

C 

c 

t 

t 

3. + + 

\ 

c 
0 
4 

-t t t 

I 

0 -  Q 
r-i 

w . cu 0 . 

t 

2 a c 
P 

o b  
(d 

m k  I a J  


